The high modulus asphalt mixture (HMAM) is widely used to improve the rutting and fatigue resistance of asphalt pavement. In this study, high modulus asphalt mixtures were respectively produced by hard-grade asphalt, PRS modifier and Buton rock asphalt (BRA) modifier. The performance properties of these HMAMs were evaluated and compared with those of hot asphalt mixture (HAM) and styrene-butadiene-styrene (SBS) modified asphalt mixture (SBSAM). The test results indicate the dynamic modulus and rutting resistance ability of HAMMs are higher than these of HAM and SBSAM. However, the low temperature cracking strain of HMAMs is less than the minimum required value of modified asphalt mixture specification in China. Moisture resistance ability and fatigue life of HAMMs are higher than these of HAM. Moreover, the moisture resistance ability and fatigue life of HMAM with BRA are higher than those of SBSAM. However, the opposite conclusion can be found for HMAM with hard-grade asphalt. The HMAM with higher PRS content have almost the same moisture resistance ability and fatigue life with SBSAM. Therefore, it is suggested to carefully consider binder or modifier types during the application of HMAMs.
INTRODUCTION
High modulus asphalt mixture (HMAM) was developed by using higher stiffness asphalt binder in the early 1980s (Corte 2001) . The increase in stiffness of asphalt binder improves the rutting resistance of asphalt mixture with the same aggregates skeleton. The higher stiffness provided by HMAM also decreases the tress or strain at the bottom of asphalt layers, and the compressive strain on the top of subgrade (Newcomb et al. 2001) . Therefore, HMAM is recommended to be used in the wearing course and binder course to improve the rutting resistance and in base course to reduce the thickness of pavement structure.
There are three different to increase stiffness of asphalt binder and produce HMAM (Serfass et al. 1997 ) They include using hard grade asphalt, asphaltite and high modulus polymer modifier. Hard grade asphalt is defined as the binders having penetration less than 25 mm/10 at 25°C (Corte 2001) . The asphaltite refers to the natural asphalt exploiting from lakes and rocks. The high modulus polymer modifier is developed and manufactured by combining the characteristics of some polyolefin materials. It is easier to store, transport and obtain than refined and natural asphalt binders. Therefore, they gradually become a popular materials of producing HMAM in many countries.
During the last decades, HMAM has been successfully applied in the construction and rehabilitation of asphalt pavement in European courtiers, China and other courtiers. Various studies have been conducted to evaluate the performance properties of HMAM with different production methods. Lee HJ et al. (2006) used hard grade asphalt to design HMAM and investigated the performance of HMAM. The results of performance test indicated that the moisture, rutting, and fatigue resistances of HMAM were better than those of the conventional HAM. Moreover, the tensile strain values measured from the HMAM sections were within the fatigue endurance limit of 70 microstrain which satisfied the fatigue criterion of a long life asphalt pavement. Zou X et al. (2015) evaluated the performance properties of HMAM produced by two high modulus modifiers PR PLAST S (PRS) and PR PLAST Module (PRM). The test results by Zou indicated that compared with the original asphalt mixture and the styrene-butadiene-styrene (SBS) mixture, the HMAM significantly improved the high temperature performance, water stability, moisture-heat synthesis property, and dynamic modulus of mixtures. These study only focus the performance assessment of HMAM designed by one method, the performance difference of different HMAMs are not considered. Moreover, the low temperature cracking resistance of HMAM is neglected, which is one of most important properties when HMAM is used as wearing course in cold region. A study conducted by Geng Han et al. (2013) verified that the low temperature performance grades of the high modulus asphalt binders (HMABs) decreased by one to three grades (increase in true grade by 6-18℃) as compared to that of the base binder. Therefore, the thermal cracking resistance of HMABs binder and HMAM needs to be further studied. Based on the above discussion, it is conclude that the performance difference of HMAMs produced by different procedures should be further studied. Moreover, it is necessary to considered low temperature cracking resistance. In this study, HMAMs were design by three different methods. The performance difference of these HMAMs was investigated by laboratory tests. The study is expected to guide the application of different HMAMs.
MATERIALS
The HMAMs were produced respectively by hard grade asphalt, rock asphalt binder and high modulus modification. The conventional HAM were designed by asphalt binder with penetration 70mm/10 at 25℃. The SBS modified asphalt mixture was used as another control mixture to compared with HMAMs. The physical properties of different asphalt binder are presented in table 1. The rock asphalt is natural asphalt from Buton island in Indonesia. The asphalt content in Buton rock asphalt (BRA) is at 25% by weight of total rock asphalt particles according to the results of Rotovapor extraction test. The maximum size of the rock asphalt particle is less than 2.36mm. The gradation of rock particle in Buton asphalt is provided in table 2. A high modulus modifier named PR PLAST S ® (PRS) used in this study. PRS is produced by PR Industries in France which is recommended to produce HMAM for wearing course and binder course. The limestone aggregate was applied to design the mixtures. The gradation is shown in Fig.1 which meets the requirement of dense graded HAM with nominal maximum aggregates size of 20mm. The BRA and PRS were added directly into the conventional asphalt binder to design different HMAM. The conventional Marshall Mixture design method was used to determine optimum asphalt content according to specific procedures in JTG F40-2004. The designed air void percentage of the mixtures was at 4%. The optimum asphalt contents (OACs) of different asphalt mixtures are presented in Table 3 . 
TEST METHODS

Static Modulus and Dynamic Modulus
The specimens with a diameter of 100±2mm and a height of 100±2mm were prepared for static modulus test. The static modulus was tested at 15℃ with a rate of 2mm/min. The applied load and corresponding resilience deformation were measured during test. The fifth pressure level (0.5P) and corresponding resilient deformation were used to calculate the static resilient modulus according to the specification in T 0713-2000. The compressive dynamic modulus was tested at 15℃and 10hz. The dynamic modulus is tested using the samples with a diameter of 100±2mm and a height of 150mm±2mm. The test procedures was described in T 0738-2011
Rutting Test
The slab specimens with 300 mm×300 mm×50 mm were prepared with optimum asphalt content and designed air void content. A solid rubber wheel with a pressure of 0.7MPa traveled on the surface of the specimens at a speed of 42 cycles per min. Rutting depth was measured per 20s. The dynamic stability of the mixture was also calculated based on the rutting depth. The wheel tracking test was conducted at 60 °C following a specific method in T 0719-2011.
Low Temperature Bending Test
Low temperature bending test is used to stimulate the thermal cracking resistance of the mixture. A beam specimen with 250 mm×30 mm×35 mm was loaded at the mid-span to get vertical deflection at a rate of 50 mm/min until failure. The flexural tensile failure strain and stiffness were calculated by flexural failure strength based on elementary beam theory. The bending test was investigated at -10 °C following a procedure in T 0715-2011.
Moisture Resistance Test
The immersion Marshall test and freeze-thaw (F-T) splitting test were used to evaluate the moisture resistance of the mixtures. In immersion Marshall test, specimens were immersed in a water bath at 60 °C for 48 h. The residual Marshall stability (MS) was defined as the Marshall stability of conditioned to unconditioned specimens. During freeze-thaw test, the samples were froze at 18 °C for 16 h and then thawed at 60 °C for 24 h. The splitting strength ratio of conditioned to unconditioned specimens was defined as the F-T strength ratio. In this study, the residual MS and splitting strength ratio were calculated to assess the moisture resistance of the mixtures.
Fatigue Test
A bending fatigue test based on tress control mode was conducted at 15°C to evaluate the fatigue resistance of the mixture. The specimens were cut into beams with 40 mm ×40 mm×240 mm. Semi sinusoidal loading was repeatedly applied on the three dividing points of the test beam at frequency of 10Hz to keep a constant peak value of stress. In this study, in order to comparing the difference of the mixture, the constant stress equals to 1Mpa. The loading repetition number is recorded when a beam is destroyed. Six replicates were used for each mixture.
TEST RESULTS AND DISCUSSION
Resilient Modulus
The results in Fig. 2 indicate the hard grade asphalt, PRS and BRA all significantly improve the static modulus (E) and dynamic modules (E * ) of HAM. Moreover, the E * and E of these mixtures are higher than that of SBSAM. The specification in French recommends the E * of HMAM should be greater than 14000MPa. Comparing the E * results, it is concluded the HMAM can be designed successfully by the use of hard grade asphalt, PRS and BRA. However, it is necessary to consider the dosage of high modulus modifier. The static modulus is one of most important parameters in Chinese pavement design methods. The ratio values of E * to E in Fig. 2 are all between 6 to 7. Therefore, it is conservatively suggested that the E value of HMAM should be higher than 2300 MPa. 
Rutting Resistance
The rutting test results are provided in Fig. 3 . It is obvious that the rutting depth (RD) is sharply decreased and dynamic stability (DS) is greatly increased when the hard grade asphalt is used to replace original asphalt binder. This trend also can be observed when PRS and BRA is added into conventional asphalt binder. Moreover, the RD of HMAMs is less than that of SBSAM but DS is higher. This means that HMAMs have better rutting resistance than SBSAM. For the HMAM with hard grade asphalt and BRA, the improvement of rutting resistance is derived from the higher stiffness of hard grade asphalt and natural asphalt binder. For the HMAMs with PRS, it is found that the dispersion and swell of polymer particles in asphalt binder increase the viscosity of asphalt binder, which results in the improvement of rutting resistance ( Zou X et al. 2015) 
Low Temperature cracking
The cracking strain and stiffness modulus results of low temperature bending test are shown in Fig.4 . Compared with corresponding values of HAM, the cracking strain values of the mixture with hard grade asphalt and PRS are decreased but stiffness modulus values are decreased. The cracking strain of HAM is increased when BRA is added. However, it is difficult for all HMAMs to satisfy the lowest cracking strain requirement of 2500µε for modified asphalt mixture according to the specification in China (JTG F40 2004) . Moreover, the cracking strain values of HMAMs are obviously less than that of SBSAM. Therefore, the low temperature cracking resistance of HMAMs should be carefully evaluated when they are used in cold region.
Moisture susceptibility
The residual Marshall stability (RMS) and freeze-thaw splitting strength ratio (SSR) of the mixture are presented in Fig. 5 . The results in Fig. 5 show that the RMS and SSR of HMAMs are higher than those of HAM. Although the results of the mixture with hard grade asphalt is less than those of SBSAM，the RMS and SSR values of HMAMs with BRA are higher than those of SBSAM. The mixture with higher PRS content also have similar conclusion with BRA. Therefore, the moisture resistance of HMAMs depends on binder or modifier types. The possible reason is the interface bonding strength of different HMAMs is different.
Fatigue Resistance
The fatigue test results of the mixture are provided in Fig. 6 . The fatigue life of HAM is increased by 60% by hard grade asphalt. PRM and BRA also improves the fatigue life of HAM. Moreover, the fatigue life of the mixture with BRA is obviously higher than that of SBSAM. The opposite conclusion can be found for HMAM with hard grade asphalt. The fatigue life of mixture with higher PRS content also can reach that of SBSAM. This phenomenon is similar with the conclusion of moisture susceptibility. 
CONCLUSIONS
(1) The dynamic modulus results indicate that the hard grade asphalt, PRS and BRA are successfully used to produce HMAMs. However, PRS and BRA content should be selected correctly in order to meet the requirement of dynamic modulus. Based on the relationship between dynamic modulus and static modulus, it is recommended that the static modulus of HMAMs should be higher than 2300MPa.
(2) HMAMs produced by different methods have better rutting resistance ability than HAM and SBSAM. However, the low temperature cracking strain of all HMAMs can not meet the lowest requirement of Chinese asphalt pavement construction specification. Therefore, the low temperature cracking resistance of HMAM should be carefully evaluated when they are used in cold region.
(3) Compared with HAM, HMAMs produced by different methods have better moisture and fatigue resistance ability. Moreover, the moisture and fatigue resistance ability of HMAMs with BRA is higher than those of SBSAM. The opposite conclusion can be found when hard grade asphalt is used. The HMAM with higher PRS content have almost the same moisture resistance and fatigue life with SBSAM.
